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Tryptophan permease Tat2 in Saccharomyces cerevisiae undergoes Rsp5-dependent degradation
upon exposure to high hydrostatic pressure and it limits the growth of tryptophan auxotrophs.
Overexpression of SNA3 encoding an endosomal/vacuolar protein possessing the PPAY motif
allowed growth at 25 MPa, which was potentiated by marked stabilization of Tat2. This appeared
to depend on the PPAY motif, which interacted with the WW domain of Rsp5. Subcellular localiza-
tion of Rsp5 was unchanged by overexpression of either SNA3 or SNA3-AAAY. While the loss of Bul1,
a binding protein of Rsp5, or the rsp5-ww3mutation allowed high-pressure growth, overexpression
of BUL1 abolished the Sna3-mediated growth at 25 MPa. These results suggest that Sna3 and Bul1
compete for the WW domain of Rsp5 upon Tat2 ubiquitination.
Structured summary:
MINT-7303515: PEP12 (uniprotkb:P32854) and TAT2 (uniprotkb:P38967) colocalize (MI:0403) by cosedi-
mentation through density gradients (MI:0029)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In the yeast Saccharomyces cerevisiae, the amino acid permease
family is comprised of 24 homologous proteins that possess 12
predicted transmembrane domains [1]. Tryptophan is transported
by Tat1 and Tat2, which are the low- and high-afﬁnity tryptophan
permeases, respectively. TAT1 and TAT2 were originally identiﬁed
as genes conferring resistance to the immunosuppressive agent
tacrolimus (FK506) [2,3]. Tat2 is degraded upon nutrient starvation
or rapamycin treatment in a manner dependent on Rsp5 ubiquitin
ligase [4]. The uptake of tryptophan and cell surface delivery of
Tat2 require ergosterol [5,6] and glycosylphosphatidylinositol-an-
chored proteins [7]. Multiple lines of evidence indicate that trypto-
phan uptake is markedly diminished when cells are exposed to
adverse conditions and it becomes the limiting factor for growth
in tryptophan auxotrophic strains. Many cold-sensitive mutants
are tryptophan auxotrophs or have mutations in tryptophan bio-
synthesis [8,9]. Tryptophan auxotrophic strains are susceptible to
a broad range of drugs such as 4-phenylbutyrate [10], isoﬂurane
[11], and phytosphingosine [12].chemical Societies. Published by EWe have demonstrated that hydrostatic pressure at nonlethal
levels of 15–25 MPa (150- to 250-fold greater than atmospheric
pressure; atmospheric pressure 0.1 MPa) impairs tryptophan
uptake [13] and induces degradation of Tat1 and Tat2 [14]. As
the availability of tryptophan is ensured, cells are capable of
growth at 25 MPa. Mutants capable of growth at high pressure
have been isolated from the tryptophan auxotrophic wild-type
strain YPH499 [14]. HPG (high-pressure growth) 1 is a semidom-
inant allele of RSP5 occurring as a mutation in the catalytic HECT
(homologous to E6-AP C-terminus) domain [14]. While Tat1 and
Tat2 are degraded in the wild-type strain YPH499 at high pres-
sure, both permeases are remarkably stabilized in the HPG1 mu-
tant. Bul1 and Bul2 are proteins that bind to Rsp5 through
interactions of their PPxY motif with the WW domain of Rsp5
[15,16]. The loss of BUL1 and BUL2 results in marked stabilization
of Tat2 [14]. When yeast cells are starved of nutrients, degrada-
tion of Tat2 is initiated by the binding of ubiquitin molecules to
the 29th and/or 31st lysine at the N-terminal tail of Tat2 [4].
The HPG2 mutation sites are located in the regulatory domains
of the N- and C-terminal tails of Tat2, and the mutant forms of
Tat2 (i.e., Hpg2) become resistant to ubiquitination [17]. The
application of hydrostatic pressure in tryptophan auxotrophic
strains offers a useful system for studying the multiple levels of
control which determine tryptophan permease activity andlsevier B.V. All rights reserved.
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[18].
In this study, we screened a yeast genomic library under high
pressure to identify new genes that affect the turnover of the tryp-
tophan permeases. We identiﬁed SNA3 encoding a small protein
(15 kDa) of unknown function as a gene that enables a trypto-
phan auxotrophic strain to grow under high pressure when overex-
pressed. Sna3 possesses two transmembrane domains and is
thought to be targeted in the vacuolar lumen in a ubiquitination-
independent manner [19]. However, yeast protein microarray
studies demonstrated that Sna3 was an interacting protein of the
Rsp5 WW domain as a substrate for ubiquitination [20,21]. Sna3
has a PPAY sequence within its C-terminal cytoplasmic tail and
two lysines at the cytoplasmic N-terminus (K19) and the C-termi-
nus (K125). It was shown that only K125 [22] or both K19 and
K125 [23] of Sna3 were polyubiquitinated by Rsp5. Direct binding
of Sna3 to Rsp5 is mediated by the interaction between the PPAY
sequence and the Rsp5 WW domain [22–25]. Whether ubiquitina-
tion is required for vacuolar transport is controversial. A mutant
form of Sna3-GFP lacking the two lysines was still correctly tar-
geted to the vacuolar lumen [23–25]. However, Stawiecka-Mirota
et al. reported that the mutant form of Sna3-GFP was ubiquitinated
on its GFP portion [22]. Sna3-6HA lacking the two lysines failed to
be transported into the vacuolar lumen. Although the mechanism
of Sna3 sorting via the MVB pathway has been elucidated to a con-
siderable extent, the biological function of this protein is less well
understood. In this study, we report that Sna3 is a potential com-
petitor of Bul1 for the Rsp5 WW domain affecting degradation of
tryptophan permease Tat2.2. Materials and methods
2.1. Yeast strain and culture conditions
The parental wild-type strain YPH499 (MATa ura3-52 lys2-801
ade2-101 trp1-D63 his3-D200 leu2-D1), FAY9D (HPG2-1) [17], FAJ1
(bul1D::URA3), FAJ2 (bul2D::URA3) [14], and FAJ76 (rsp5-ww3)
(see below) mutants were used in this study. To avoid confusion
in focusing on tryptophan availability, YPH499 is solely designated
the wild-type strain although it is a tryptophan auxotroph. Cells
were grown under various pressure conditions at 25 C in synthetic
complete (SC) mediumwith slightmodiﬁcation [14]. High-pressure
cultivation of the cells was carried out as described previously [13].
2.2. Identiﬁcation of genes conferring high-pressure growth
Genomic libraries containing 10- to 20-kb DNA fragments from
strain FAY9D were constructed using the plasmid YCplac33 (CEN4
URA3) or YEplac195 (2l URA3) as described previously [17].
YPH499 cells were transformed with each of the plasmid libraries,
and transformants capable of growth at 18–25 MPa were selected.
Plasmids recovered from the transformants were used to retrans-
form strain YPH499 to conﬁrm their ability to grow at high pres-
sure. HPG2 has been identiﬁed as a semidominant allele of TAT2
[17]. In addition to HPG2, multiple clones containing SNA3 in YE-
plac195 were isolated during the same screening process under
high pressure in this study. Similar screening was also indepen-
dently carried out using a commercially available multicopy geno-
mic library of S. cerevisiae (Cat. No. ATCC37323, American Type
Culture Collection, Manassas, VA, USA).
2.3. Construction of plasmids and the rsp5-ww3 mutant
A DNA fragment containing SNA3 with its own promoter region
was ampliﬁed by PCR using oligonucleotide primers 50-GCTCT-AGAGGGTGTAGTGCAGTGCAGTAAAGCGTTG-30 and 50-GCTCT-
AGAGCGCATACTTGGCCTCCGCATATTTCAC-30 (the XbaI site is
underlined), and plasmids from the genomic library ATCC37323
as a template. After digesting with XbaI, the DNA fragment was in-
serted into YEplac195 or YEplac181 (2l LEU2) to give pSNA3e
[URA3] or pSNA3e [LEU2], respectively (simply designated pSNA3e
hereafter). The sequence was conﬁrmed by sequencing the entire
region using the relevant primers. To replace the PPAY motif with
AAAY, a QuikChange II site-directed mutagenesis kit (Stratagene,
La Jolla, CA, USA) with primers 50-GGAATCTCAAGCACAGGCTGC
AGCATATGATGAAGACGATGAGG-30 and 50-CCTCATCGTCTTCATCA-
TATGCTGCAGCCTGTGCTTGAGATTCC-30 (the mutation site is
underlined) was used to give pSNA3e-AAAY. To replace the two ly-
sines at the 19th and 125th positions with arginine simulta-
neously, a QuikChange multisite-directed mutagenesis kit
(Stratagene) with primers 50-GCTATTCCATCAACAGGGACGACTTG
TTGTTAATGG-30 and 50-CCATTAACAACAAGTCGTCCCTGTT GATGGA
ATAGC-30 for K19R substitution, and 50-CCCTTGATGGACAACAGA-
CAACAGCTCTCTTCC-30 and 50-GGAAGAGAGCTGTTGTCTGTTGTC-
CATCAAGGG-30 for K125R substitution (the mutation sites are
underlined) was used, giving pSNA3e-K19R-K125R. Single replace-
ment of lysine with arginine was done using the QuikChange II
site-directed mutagenesis kit. The base substitutions were con-
ﬁrmed by DNA sequencing. p3HA-TAT2c (3HA-TAT2 driven by its
own promoter in YCplac33) was used for Western blotting [14].
Plasmids containing BUL1 and BUL2 with their own promoters
were kind gifts from Yoshiko Kikuchi of The University of Tokyo
[15,16]; pRS416-SNA3-GFP (CEN URA3 TPI1-promoter-SNA3-GFP)
from Daniéle Urban-Grimal of CNRS, Universités Paris [22];
pRS416-SNA3-AAAY-GFP (CEN URA3 TPI1-promoter-SNA3-AAAY-
GFP) and pRS416-SNA3-K19,125R-GFP (CEN URA3 TPI1-promoter-
SNA3-K19,125R-GFP) from Pierre Morsomme of Université Catho-
lique de Louvain [22]; and pSL19 (CEN LEU2 pADH1-promoter-
GFP-RSP5) from Sébastien Léon of Universités Paris [26].
The rsp5-ww3 mutant was created by replacing RSP5 in the
YPH499 genome with RSP5 containing the W451G mutation
(GGG>CCC). The GGG>CCC mutation was created in plasmid
pFA499c that contained RSP5 driven by its own promoter [14]
using the QuikChange II site-directed mutagenesis kit with primers
50-TACAAAAACAACGACCGGGGATGACCCAAGACTTCC-30 and 50-
GGAAGTCTTGGGTCATCCCCGGTCGTTGTTTTTGTA-30 (the mutation
sites are underlined). The resulting rsp5-ww3 fragment was intro-
duced into plasmid YIplac211 [URA3] to transform strain YPH499.
Multiple Ura3+ transformants were incubated in YPD medium
overnight, and the cells were spread on SD plates containing uracil
and 0.1% 5-ﬂuoroorotic acid. Multiple colonies were isolated, and
the rsp5-ww3 mutation of the clones was conﬁrmed by DNA
sequencing of the genome locus using the relevant primers. The
resulting rsp5-ww3 mutant was designated strain FAJ76.
2.4. Western blotting
Whole-cell extracts for Western blotting were prepared as
described previously [14]. Monoclonal antibodies for HA (16B12,
BabCO, Richmond, CA, USA), Pma1 (EnCor Biotechnology Inc.,
Gainesville, FL, USA), Pep12 (2C3, Invitrogen, Carlsbad, CA, USA),
and GFP (Wako Pure Chemical Industries Ltd., Osaka, Japan) were
used. The intensity of signals was quantiﬁed in a LAS1000 Plus im-
age analyzer (Fujiﬁlm Corporation, Tokyo, Japan).
2.5. Isolation of detergent-insoluble membranes and subcellular
fractionation
Nonionic detergent-insoluble membranes, so-called lipid rafts,
were prepared basically as described by Bagnat et al. [27] with a
modiﬁcation [14] using Optiprep density-gradient centrifugation.
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tion of Tat2, Pma1, and Pep12 as described previously [14].
2.6. Confocal microscopy
Cells expressing GFP-tagged proteins were imaged on a confocal
laser microscope model FV500 (Olympus Co. Ltd., Tokyo, Japan).
3. Results
3.1. Overexpression of SNA3 confers high-pressure growth on Trp
cells
In our previous studies using strain YPH499 as a wild-type, we
screened genomic libraries of the HPG1 and HPG2mutants to select
transformants capable of growth at high pressure (25–30 MPa at
24 C). While Tat2 is rapidly degraded in an Rsp5-dependent man-
ner in the wild-type cells, Tat2 was less efﬁciently ubiquitinated in
the HPG1 and HPG2 mutants. During the screening process, we
found multiple DNA fragments that enabled the wild-type cells
to grow at 25 MPa when introduced in multiple copies. The frag-
ments contained overlapping SNA3 gene without any mutations.
A PCR-ampliﬁed SNA3 fragment in a high-copy vector also con-
ferred the ability to grow at 25 MPa on the wild-type cells
(Fig. 1). Therefore, the overexpression of SNA3 enables the cells
to grow under high pressure (referred to as HPG activity or the
HPG phenotype), probably due to increased stability of Tat2 (see
below). To avoid confusion, we should note that a deﬁciency in
ubiquitination by Rsp5 leads to a positive and dominant phenotype
of tryptophan auxotrophs that exhibit the HPG phenotype.
3.2. The PPAY motif is required for Sna3 to confer high-pressure
growth and stabilization of Tat2
Sna3 is a small integral membrane protein that contains the
PPAY sequence, a ligand that binds the WW domain of Rsp5, and
two lysines at the cytoplasmic N-terminus (K19) and the C-termi-
nus (K125). It was shown that only K125 [22] or both K19 and
K125 [23] of Sna3 were polyubiquitinated. To determine whether
the HPG activity of Sna3 depends on the PPAY sequence and/or
the two lysines, we created mutant alleles that resulted in amino
acid substitutions, PPAY>AAAY, K19R, K125R, and simultaneous
replacement of K19R and K125R in the Sna3 protein. Notably, the
AAAY substitution almost completely abolished the HPG activity
of Sna3, suggesting the prerequisite role of the PPAY motif
(Fig. 1). While single replacements of K19R or K125R had no
measurable effect, simultaneous replacement of K19R and K125RVector alone
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Fig. 1. The PPAY sequence and ubiquitination on lysines are required for the HPG
activity of Sna3. Wild-type cells harboring the plasmids listed were grown in SC
medium under high hydrostatic pressures at 25 C for 48 h. The initial OD600 value
was adjusted to 0.01.moderately decreased the HPG activity (Fig. 1). This result suggests
that the interaction of Sna3 with Rsp5 has a role in the degradation
of Tat2 and hence the HPG phenotype. Deletion of SNA3 did not al-
ter the growth phenotype of the wild-type strain or the HPG1 mu-
tants under any pressure conditions examined (data not shown).
To determine whether HPG activity is caused by the stabiliza-
tion of Tat2, we analyzed the Tat2 level with or without Sna3 over-
expression. The wild-type cells were cotransformed with p3HA-
Tat2c and either pSNA3e, pSNA3e-AAAY, or pSNA3e-K19R-K125R.
Whole-cell extracts were prepared for Western blotting after the
cells were treated with 100 lM cycloheximide to arrest protein
synthesis. We found that 3HA-Tat2 was rapidly degraded after
cycloheximide addition in control cells (vector alone; half-life
<30 min), whereas Pma1 was not (Fig. 2A). In sharp contrast, over-
expression of Sna3 resulted in a marked increase and stabilization
of 3HA-Tat2, and a signiﬁcant amount of the Tat2 protein was still
detected 2 h after cycloheximide addition. However, Sna3 contain-
ing AAAY or simultaneous replacement of K19R and K125R no
longer stabilized 3HA-Tat2. In these cells, the Tat2 protein was rap-
idly degraded after cycloheximide addition, as seen in the control
cells (Fig. 2A). To examine whether the quantity of Sna3-AAAY
and Sna3-K19R-K125R was reduced compared with that of Sna3,
and thereby these Sna3 derivatives are ineffective in stabilizing
Tat2, we monitored the levels of Sna3-GFP, Sna3-AAAY-GFP, and
Sna3-K19R-K125R-GFP after cycloheximide addition. Conversely,
the basal level and stability of the proteins appeared to be the
highest in Sna3-AAAY-GFP and the lowest in Sna3-GFP (Fig. 2B).
Therefore, we concluded that the PPAY motif of Sna3 and its ubiq-
uitination but not the abundance of Sna3 is a prerequisite for sta-
bilizing Tat2. The enhanced stabilization of Tat2 in the
cycloheximide-chase experiment can clearly account for the HPG
activity of Sna3 and the role of the PPAY motif, probably diminish-
ing the activity of Rsp5 ubiquitin ligase. Paradoxically, Sna3 with
simultaneous replacement of K19R and K125R maintained sub-
stantial HPG activity (Fig. 1), although Tat2 was degraded
(Fig. 2A). We speculate that Sna3 lacking polyubiquitin chains
(Sna3-K19R-K125R) may function under high pressure but not
atmospheric pressure to inﬂuence the Rsp5 activity. In the subse-
quent analysis, we focus only on the role of the PPAY motif of
Sna3 with respect to its subcellular localization and the effect of
Sna3 overexpression on Rsp5 localization. In the present analysis,
the other tryptophan permease Tat1 was not examined because
Tat1 makes a much smaller contribution to tryptophan uptake
than Tat2 in media containing tyrosine and phenylalanine
(30 mg/l and 50 mg/l, respectively, in SC medium) [14].
As Stawiecka-Mirota et al. reported previously, Sna3 was tar-
geted to the vacuolar lumen, whereas Sna3-AAAY localized in cyto-
plasmic mobile dots (Fig. 3A) [22]. We examined whether
overexpression of SNA3 sequestered Rsp5 in the cell, which could
result in a potential defect in the ubiquitination of Tat2. Cells were
cotransformed with a plasmid containing GFP-RSP5 and either
pSNA3e or pSNA3e-AAAY, and the transformants were imaged on
a confocal laser microscope. As reported previously [28,29], GFP-
Rsp5 was detected in the cytoplasm, at the plasma membrane,
and in endosomes (Fig. 3B, vector alone). We found that overex-
pression of SNA3 and SNA3-AAAY did not measurably affect the
localization of GFP-Rsp5 (Fig. 3B, pSNA3e and pSNA3e-AAAY), sug-
gesting that Sna3 modulates Rsp5 activity without changing the
localization. We hypothesized that Sna3 competed for Rsp5 with
its binding proteins Bul1/Bul2 through the interaction of the WW
domain and the PPxY motif (see below). The loss of HPG activity
of SNA3-AAAY could be accounted for by two possibilities: (i) The
AAAY motif of Sna3 no longer interferes with the interaction of
Rsp5 and Bul1/Bul2. (ii) Due to its localization in mobile dots,
Sna3-AAAY may be spatially separated from Rsp5-Bul1/Bul2,
which results in its inability to affect Rsp5.
3HA-Tat2
Pma1
Vector 
alone
pSNA3e pSNA3e-
AAAY
pSNA3e-
K19R-K125R
Time after CHX
addition (min)
A
0 30  60 120 0 30  60  120
pSNA3-GFP pSNA3-AAAY-
GFP
Time after CHX
addition (min)
B
Pma1
Sna3-GFP
derivatives
pSNA3-K19,125R-
GFP
0 30  60  120
0 30  60 120 0 30  60 120 0 30  60 120 0 30  60 120
(%) 100 25 8  8 480 230 130 50   80 20 10   6 60 20 10 5  
(%) 100  75  75   50 1000 1000 1000 1000  300 300 200 130
Fig. 2. The PPAY sequence and ubiquitination on Sna3 are required for the stabilization of tryptophan permease Tat2. (A) Wild-type cells harboring p3HA-TAT2c with or
without overexpression of SNA3 and its derivatives were treated with cycloheximide (CHX) in SC medium. (B) Wild-type cells harboring pRS416-SNA3-GFP, pRS416-SNA3-
AAAY-GFP or pRS416-SNA3-K19R,125R-GFP were treated with cycloheximide in SC medium. Whole-cell extracts were prepared for Western blotting. Equal amounts of the
proteins were loaded to determine the levels of 3HA-Tat2, Pma1, and GFP using speciﬁc antibodies. The relative intensities of 3HA-Tat2 and Sna3-GFP were quantiﬁed in a
LAS1000 Plus image analyzer, and were represented as percentages with respect to the control cells at time 0.
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Bul1 and Bul2 are Rsp5-binding proteins that contain the PPxY
motif [15,16]. The deletion of BUL1 causes a marked stabilization ofA
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Fig. 3. Subcellular localization of Sna3, Sna3-AAAY, and Rsp5. (A) Wild-type cells
harboring pRS416-SNA3-GFP or pRS416-SNA3-AAAY-GFP, and (B) wild-type cells
cotransformed with pSL19 (pADH1-promoter-GFP-RSP5) and either pSNA3e or
pSNA3e-AAAY, were imaged on a confocal laser microscope.Tat2, while the deletion BUL2 does not [14]. Consequently, bul1D
cells exhibit the HPG phenotype at 25 MPa (Fig. 4A). Among the
three WW domains of Rsp5, the third is thought to be the most
important interactions with Sna3 [22]. We therefore created
W415G in the WW3 domain to examine HPG ability. As expected,
the rsp5-ww3 mutant exhibited the HPG phenotype at 25 MPa as
efﬁciently as the bul1D mutant (Fig. 4A). We hypothesize that
Bul1 and Sna3 compete for the WW domain of Rsp5 by interacting
with their PPxY motifs, and thereby overexpression of Sna3 abol-
ishes the Rsp5-Bul1 association, possibly causing dysfunction of
ubiquitination activity. To test this hypothesis, we examined
whether the overexpression of BUL1 or BUL2 affects the Sna3-med-
iated HPG phenotype. The wild-type cells were cotransformed with
pSNA3e and either pBUL1e or pBUL2e in multiple copies, and the
transformants were grown under various pressure conditions.
We found that the overexpression of BUL1 but not of BUL2 signiﬁ-
cantly abolished the Sna3-mediated HPG phenotype at 25 MPa
(Fig. 4B). To examine whether overexpression of SNA3 decreased
the level of Bul1, we detected Bul1-TAP (Bul1 with a tandem afﬁn-
ity puriﬁcation tag) with or without overexpression of SNA3. Wes-
tern blot analysis using the anti-TAP antibody revealed that
overexpression of SNA3 had no measureable effect on the Bul1-
TAP level (data not shown). The result suggests that Sna3 and
Bul1 act on theWW domain of Rsp5 to regulate tryptophan perme-
ase Tat2 in opposite directions. Whether Sna3 physically inﬂuences
the interaction of Rsp5 and Bul1 is under investigation.
3.4. Lipid association and subcellular localization of Tat2 are
unaffected by Sna3 overexpression
Our group and others demonstrated that Tat2 in the wild-type
cells exists in the bulk lipids characterized as the detergent-soluble
membrane (DSM) under normal growth conditions [5,14]. Ubiqui-
tination defects trigger the association of Tat2 with the detergent-
resistant membrane (DRM), or more commonly the lipid raft,
caused either by the HPG1 mutation, bul1D bul2D mutation, or
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Fig. 4. Sna3 and Bul1 have an inverse effect on Sna3-mediated HPG activity. (A)
Cells of the wild-type, bul1D, bul2D, and the rsp5-ww3 mutant, or (B) wild-type
cells harboring the plasmids listed were grown in SC medium under high
hydrostatic pressures at 25 C for 48 h. The initial OD600 value was adjusted to 0.01.
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Fig. 5. Overexpression of Sna3 does not alter lipid partitioning and subcellular
localization of Tat2. (A) P13 membranes were prepared from cells harboring p3HA-
TAT2c with or without overexpression of Sna3. The membranes were fractionated
with Optiprep density-gradient centrifugation at 100 000g after treatment with
1% Triton X-100 for 30 min on ice. Western blotting was carried out to detect 3HA-
Tat2 and Pma1. (B) Whole-cell extracts were prepared from cells harboring p3HA-
TAT2c with or without overexpression of Sna3. The extracts were fractionated on
sucrose density-gradient centrifugation at 100 000g for 12 h. Western blotting
was carried out to detect 3HA-Tat2, Pma1, and Pep12 using speciﬁc antibodies.
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sequently, Tat2 is partitioned in rafts and is efﬁciently delivered
along the path to the plasma membrane in vesicle trafﬁcking. To
determine whether Sna3 overexpression shifts Tat2 from the DSMs
to DRMs, we elucidated the effect of Sna3 overexpression on the
lipid partitioning of Tat2. Although Sna3 overexpression enhanced
the level of Tat2 in the P13 membranes, it had no effect on the par-
titioning of Tat2 in the DSMs (Fig. 5A). Tat2 localizes in internal
membranes by overlapping with Pep12 as well as the plasma
membrane in the wild-type cells (Fig. 5B) [14]. There was no
marked difference in the subcellular localization of Tat2 with or
without overexpression of Sna3 (Fig. 5B). Taking these results to-
gether, we conclude that the overexpression of Sna3 increases
the stability of Tat2 without affecting its partitioning to the DSM
and intracellular localization.
4. Discussion
The main ﬁnding of this study is that Sna3 potentially competes
with the binding protein Bul1 for the Rsp5WW domain upon ubiq-
uitination of tryptophan permease Tat2. The Rsp5 complex lacking
Bul1 fails to ubiquitinate Tat2 sufﬁciently, leading to marked sta-
bilization of Tat2 [14]. The interaction between the WW domain
and the PPxY motif is likely to be at a dynamic equilibrium be-
tween Rsp5, Bul1, and Sna3. Sna3 has been speciﬁcally investigated
in terms of its own ubiquitination to be delivered to the vacuolar
lumen. Although the role of the PPAYmotif is evident in interaction
with the Rsp5 WW domain, the requirement for ubiquitination is
controversial [22–25]. In our study, the role of the PPAY sequence
of Sna3 was clear with respect to the losses of HPG activity andstabilization of Tat2 in cells harboring pSNA3e-AAAY. The role of
ubiquitination of Sna3 is currently unclear. It is possible that the
multiubiquitin moiety is sterically required for the appropriate
interaction of the PPAY motif of Sna3 with the WW domain of
Rsp5.
Recently, Leon et al. have identiﬁed Ear1 and Ssh4 as new adap-
tor proteins of Rsp5 that possess the PPxY motif [26]. They showed
that Ear1 and Ssh4 are required for sorting of the uracil permease
Fur4 to the vacuole. Although the endocytosis of Fur4 normally oc-
curs in ear1D ssh4D cells, it accumulated in juxtavacuolar struc-
tures, reaching the vacuolar membrane [26]. Eventually, Fur4 is
stabilized in ear1D ssh4D cells after the addition of cycloheximide,
whereas it is rapidly degraded in the wild-type cells. In our preli-
minary results, we found that Tat2 is stable in ear1D ssh4D cells
after cycloheximide addition. However, ear1D ssh4D cells do not
exhibit the HPG phenotype in the YPH499 genetic background
(unpublished observation). Therefore, Tat2 is unlikely to be en-
riched in the plasma membrane, but is more likely to accumulate
in the vacuolar membrane, as demonstrated for Fur4. In our
screening of the genomic library, we did not ﬁnd EAR1 and SSH4
exhibiting HPG activity. However, in our subsequent experiments,
we found that overexpression of EAR1 or SSH4 led to HPG activity
at 25 MPa and stabilization of Tat2, although the signiﬁcance was
less marked than those observed upon overexpression of SNA3
(unpublished observation). The result is consistent with a previous
ﬁnding that SSH4 promoted stabilization of Tat2 and other amino
acid permeases in the plasma membrane upon overexpression
[30]. The role of the PPxY motif of Ear1 and Ssh4 is under investi-
gation with respect to Rsp5-dependent ubiquitination of Tat2. Lin
et al. reported that two members of the arrestin-related trafﬁcking
adaptors, Art1 and Art2, were required for recruitment of Rsp5 to
the plasma membrane to ubiquitinate arginine permease Can1
and lysine permease Lyp1, respectively [31]. Art1 and Art2 have
multiple PPxY motifs that physically interact with the Rsp5 WW
domain. The loss of Art1 and Art2 results in the stabilization of
Can1 and Lyp1 in the plasma membrane, respectively, after the
addition of cycloheximide [31]. Art proteins consist of a family of
nine members that possess multiple PPxY motifs. In our prelimin-
ary observation, none of the single deletions of the nine ART genes
60 T. Hiraki, F. Abe / FEBS Letters 584 (2010) 55–60confer HPG activity on strain YPH499. Therefore, Art proteins may
not be Rsp5 adaptors for Tat2, or otherwise there could be a func-
tional redundancy within those proteins.
Using high hydrostatic pressure, we are able to estimate the sta-
bility of tryptophan Tat2 by simply determining the ability to grow
under nonlethal levels of high pressure in tryptophan auxotrophic
strains. Further elucidation in high-pressure experiments will re-
veal as yet unidentiﬁed genes responsible for the regulation of
Tat2.
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